ABSTRACT: The ability to understand stress redistribution within a mine will allow for greater extraction efficiency with reduced safety concerns. Stress redistribution has been examined at the laboratory scale using ultrasonic tomography and numerical modelling using PFC 3D . In the first part of the study an equation is developed to convert the macro-properties of the rock to the micro-properties of the particles in the model. In the second half of the study, an attempt is made to investigate the stress distribution in rock samples in three-dimensions, as they are uniaxially loaded to failure using both numerical modelling and laboratory tomograms. This study will help to predict failure in laboratory samples and when applied to mines this will help to prevent rockbursts and roof falls.
Introduction
Underground mining has one of the highest fatal injury rates amongst other industries in the United States, which is more than five times compared to the national average of the other industries (NIOSH). According to statistics obtained between 2001 to July 2005, approximately 33% of the fatalities have been due to geologic failure of roof/back or face/rib/highwall (MSHA). Many of these incidents can take place due to a redistribution of the stress resulting from mine workings. Catastrophic rock failure often results in loss of life and property along with increased public awareness. The ability to understand this stress redistribution within a mine will allow for greater extraction efficiency with reduced safety concerns. In a discussion organized by the National Science Foundation, it was unanimously decided that with respect to catastrophic rock failure some sort of predictive tools to mitigate loss of life and property should be developed (Glaser and Doolin 1999) . The current study is a step towards that development. An investigation of the stress distribution in rock samples is conducted using laboratory tomography and a discrete element model.
When load is applied to a rock mass, initially the microcracks normal to the direction of the load are closed. With further application of the load, cracks start to develop at an angle to the application of the load. Finally these microfractures coalesce into the failure plane. It has been found in earlier studies that damage accumulated in a homogeneous rock is randomly located until the applied stress reaches 90 -95% of the rock's peak strength. Above this stress, the event locations exhibit clustering on the eventual failure plane (Scholz 1968a; Scholz 1968b; Hazzard 1998) . It has been assumed that the initial events are independent, but the events occurring after 90% of the peak strength are not. The orientation of the failure plane is a function of several parameters, including size and shape of the sample, loading conditions, material properties, anisotropy, and jointing within the rock mass (Westman 2004) .
Tomography (tomos means a section in Greek) is a nondestructive testing method to view the interior of a body without penetrating its surface by physical means. Tomography has been defined by Lo and Inderwiesen (1994) as an "imaging technique which generates a cross-sectional picture (a tomogram) of an object by utilizing the object's response to the non-destructive, probing energy of an external source". This technology was first described by Radon (1917) , who said that the interior of the body can be imaged by analysing energy which passed from one boundary to another. It has been widely used in the medical field, where x-ray is used to create the images. Dines and Lytle (1979) used the idea of tomography in geophysical applications. When load is applied to a rock, the microcracks are initially closed. This makes the elastic waves to travel at a higher velocity through the rock.
Ultrasonic waves are used for laboratory tomographic studies while seismic waves are employed in the field studies. Westman (2004) discusses the various factors affecting the quality of the tomograms. The difference between the seismic and the ultrasonic tomographic imaging is in the frequency ranges used. Ultrasonic tomography can be used to measure both the velocity change as well as the attenuation through the sample. Tomography has been applied in various fields including volcanic imaging, earthquake tomography, geologic hazard detection and stress identification (Gustavsson, Ivansson et al. 1986; Leung, Downey et al. 1988; Goulty, Thatcher et al. 1990; Westman, Haramy et al. 1996; Li, Zhang et al 2005) . Rocks behave elastically and when load is applied to a rock, the velocity of the waves through the rock will increase proportionately due to the closing of the microfractures. This effect is known as the acousto-elastic effect. Tomograms taken at various stages of loading will show this change in velocity which is directly proportional to the stress change.
Most of the laboratory studies have been done using two-dimensional tomography. The current study will develop tomograms in three-dimensions. This study will attempt to predict the failure plane in rock samples as it will be loaded to failure in uniaxial compressive tests. This study can be extended to the mine site and further studies can be conducted to monitor the increase in the stress field using coupled numerical modelling and tomographic imaging.
Success has been achieved in the area of simulating the mechanical behaviour of rock using two-and threedimensional continuum modelling techniques. The success of the continuum approach is because the microstructure has a length scale much smaller than that of the objects that are normally of interest (e.g. dams, bridge decks). But it is often rewarding to model such 'continua' as discontinua, because new knowledge can be gained about their macroscopic behaviour when their microscopic mechanisms are understood (Cundall and Hart 1993) . The new trend in this area is the use of the two-and three-dimensional discontinuum modelling codes.
Discontinuum models like PFC (Itasca Consulting Group), both in 2D and 3D, have been used with much success in various fields. Numerous studies have been conducted using this modelling code to simulate cracking and failure under various loading conditions (Hazzard and Young 2000; Hazzard and Young 2001; Hazzard and Young 2002; Wanne 2002; Kulatilake, Malama et al 2001; Wang, Tannant et al. 2003; Park, Martin et al. 2004 ). The program has been very successful in predicting fracture without the use of any interfaces. Fractures develop as the stress exceeds the strength of the bonds. However, attempts have not been made to study the stress redistribution at the micro scale using this modelling method. One of the objectives of this study is to observe the stress distribution for the models along with the fracture development as they are loaded to failure. Observing this change in stress will help to detect the fracture in advance and thereby prevent problems in the mine arising due to this high stress.
Micro-mechanical Model

PFC
3D simulates a rock as an assemblage of spheres of specified stiffnesses bonded together with bonds of specified strength using the distinct element method. Cundall (1971) introduced the distinct-element method (DEM) for analyzing rock mechanics problems and later Cundall and Strack (1979) applied it to soils.
Calibration is the term used to describe the iterative process of determining and modifying the micro-properties for a PFC 3D model. In this process, the responses of the model are compared to that in the laboratory and the micro-properties of the model are modified in an iterative way to achieve good agreement (Wanne 2002 ). An inverse modelling method is used to determine the correct micro-mechanical properties of the numerical models from the macro-mechanical properties of the rock obtained during laboratory testing. This is a trial-and-error approach as no theory exists in order to obtain the correct relationship between the two properties. Figure 1 shows the simple flowchart that is used in order to transform the macro-properties of the rock to the microproperties of the sample. However, many iterations were required in order to find the correct micro-mechanical properties. Thus the first part of the study develops an equation to find the relation between the macro-and micro-mechanical properties.
In the second half of the numerical modelling portion of the study, cylindrical models were developed in PFC 3D having a height-to-width ratio of 2:1 with the micro-properties obtained from the first half of the study. Uniaxial compressive strength tests were simulated on these models. The stresses were monitored on these models as they were loaded to failure. 
Methods
Numerical Methods
Development of Macro-to micro-equation
Cylindrical samples having a height-to-width ratio of 2:1 were developed using PFC 3D . The particle radii varied from 1.50 to 2.00 mm which resulted in the formation of approximately 6000 particles in the model. A total of 375 programs were run using the various combinations of the micro-properties. The Young's Modulus and the compressive strength were calculated from these programs.
The density for the particles in the model was calculated on the basis of an earlier study by Hazzard (1998) . A porosity of 35% was chosen for the model. Attempts were made to reduce the porosity below the chosen value. However it was observed that there are limits to which the porosity can be lowered. It is not possible to pack particles to an arbitrarily low porosity value (Itasca Consulting Group 2003) . Parallel bonds were used in the model so as to get a better compaction in the model, with a porosity of 35%.
Stress monitoring in PFC
Numerous studies have been conducted earlier using this modelling method. However, monitoring the stress at the micro-scale using this model has not been attempted earlier. The current study attempts to determine the stress redistribution in the model as it is loaded to failure. It was decided to monitor the strength of the bonds. In this code, the cracks are formed when either the normal or shear stress in these parallel bonds exceed their respective strength. Once it exceeds the strength, the bonds are broken and the data is removed from the memory. Thus if both these stresses can be monitored together then the growth of a crack can be predicted. In the current study, the parallel bond stresses are monitored at certain interval of the load and the stress redistribution for the model is plotted at that load.
Laboratory experiments
Cylindrical samples having height-to-width of 2:1 were tested uniaxially in the laboratory and their Young's modulus and peak strength were monitored. Each of the samples was surrounded by sensors to acquire the tomograms as these rocks were loaded to failure. Ramp loading was used for these tests and at certain load intervals, the data for the tomograms was acquired. Samples of diameter 0.0508 m and 0.0762 m were chosen for the study. A total of 15 sources and 18 receivers were used for the study as can be seen in Figure 2 . Tomograms were calculated from the arrival time data using GeotomCG (Tweeton 2001) . This program uses the simultaneous iterative reconstruction technique (SIRT) to construct a velocity tomogram. A data acquisition system developed by Johnson (Johnson 2005) was used to acquire the data. The entire programming for the system was done in LabVIEW. Figure 3 shows the hardware flowchart for the system.
Results and Discussions
Numerical Modelling
The first step in this modelling was to develop the equation so as to convert the macro-properties of the sample to the micro-properties of the particles. The results obtained from the initial study were then analysed with the help of the commercial statistical package SAS. The Young's modulus and the compressive strength were expressed as a function of the normal stiffness and coefficient of friction of the particles and the strength and stiffness of the parallel bonds. Equations 1 and 2 show the relationship that was developed from the study. After developing the relationship, it was observed that there are four variables but only two equations. In order to calculate the values of the micro-parameters from the Young's modulus and the compressive strength of the rock it was decided that the user will provide the friction value to the equation based on the available equation for evaluating the coefficient of friction. Also, the relation between the parallel bond stiffness and the normal stiffness of the particle obtained from the PFC 3D manual (Itasca Consulting Group, Inc.) will be used so as to reduce the equation to two variables. Since this relation was dependent on the radius of the parallel bond, it was also used as an input from the user. The parallel bond radius affects the compaction of the rock. So a more compact rock will have a higher parallel bond radius. Thus, once the coefficient of friction, minimum and maximum particle radii, parallel bond radius, Young's modulus and compressive strength of the rock was specified, the equation provided the micro-mechanical properties.
Considering the variation of the values that are obtained in the laboratory during testing, the values obtained using the equation can be accepted. Further, these results were obtained in a couple of iterations and hence time was saved in comparing the macro-to the micro-properties. After the success of the equation, attention was focused on obtaining the stress distribution from the models. As mentioned earlier, the normal and shear stresses of the parallel bonds were monitored in order to predict the formation of the cracks. The values were noted at certain load intervals. Whenever a crack was formed that bond was provided with a high value so that the anomaly can be observed in the stress distribution plots. RockWorks 2004 was used for visualization of the stress distribution in the models. Figures 4 and 5 show the shear and normal stress distribution along with the results for the crack development, for a limestone sample that was modelled using PFC 3D . Monitoring both the normal and shear stress together will help to predict the formation of the failure plane. However, it can be seen from both the crack formation as well as the stress distribution plots that just prior to failure the cracks align themselves along a plane and develop the failure zone as observed from earlier studies. Also from Figure 6 , it can be observed that the number of cracks begin to increase at approximately 90 -95% of peak load. Also it was observed that there were more tensile cracks formed as expected from the model. The black colours indicate failure has already taken place, while the hot colours indicate high stress. 
Laboratory Testing
Uniaxial compressive strength tests were conducted on cylindrical rock samples having a height-to-width ratio of 2:1. The sample was loaded in ramps and at certain load intervals, the data were acquired. The acquired data were analysed using both IXSeg2SegY [Interpex ((http://www.interpex.com/ixseg2segy/ixseg2segy.htm))] and also an in-house software code IPicker (Delinger 2006) . The tomograms were calculated from the arrival time data using GeotomCG (Tweeton 2001 ).
As load is applied to the rock, the microcracks perpendicular to the applied load initially close. Thus the velocity of the wave travelling through the rock increases with the application of the load. With further loading, new cracks are formed and near the peak load they coalesce to form the failure plane at a certain angle to the applied load.
The tomograms taken at regular intervals were expected to show this stress increase with the application of the load. A uniaxial test was conducted on a cylindrical sample of 0.0508 x 0.1016 m. The tomograms obtained from the test are shown in the plots in Figure 8 . Figure 7 shows the relation between the stress and the velocity for the sample.
Figure 8 From the plots in Figure 8 it can be observed that there is a high stress concentration initially at the centre of the sample with increasing load. This is in compliance with the observations made in coal mine pillars. (Wagner 1974; Mark and Iannacchione 1992) . The velocity also increases with the increase of the load as can be observed from the stress-velocity curve. However, as expected, the stress concentration leading to the failure of the rock was not evident from these results. The growth of high stress leading to the failure of the rock sample could not be observed from the study.
The difference velocity tomograms in Figure 9 were obtained by subtracting the tomogram obtained at 6% peak load from the data at the other loads. It can be observed from these tomograms that with the application of the load, there is a growth of velocity inside the sample till about 80% of the peak load. However, the high stress leading to the failure plane could not also be observed later from these tomograms. Further there is a presence of an anomaly at the bottom of the sample which can be due to some errors in the data obtained from the receivers.
Figure 9 Difference velocity tomograms with respect to the model at 6% peak load at (A) 15%; (B) 45%; (C) 87%; (D) 94% of peak load; and (E) just prior to failure.
Conclusions and Recommendations
The current study used numerical modelling and laboratory tomograms to investigate the stress redistribution in rock samples as they were loaded to failure. An attempt was made to understand the stress growth in rock samples as they were loaded to failure in uniaxial compression strength tests and thereby predict failure in advance.
The discrete element code PFC 3D was used for the numerical part of the study. In the first part of the study, a relationship was developed that converts the macro-properties of the rock to the micro-properties based on the user input. After successful validation of the, equation, attention was focused on determining the stress redistribution in the models as they were loaded to failure. It was observed that the majority of the cracks form after the load was approximately 95% of the peak load and only after that could the failure plane be determined. Regions of high stress were observed from both the normal and shear stress distribution before the development of the failure plane. One of these high stress planes later dominated to become the failure plane for the model.
In the other half of the study, uniaxial compressive tests were conducted on rock samples and velocity tomograms were observed during the loading process at certain intervals. From the tomograms it was observed that there is an increase in the stress at the centre of the rock as had been observed in coal mine pillars. The increase in the stress leading to formation of the failure plane could not be observed from them. Difference velocity tomograms also showed the presence of a high velocity with the application of the load but the presence of a failure plane could not be observed in advance from these tomograms too. It is known from earlier studies that the cracks in the rocks coalesce into a failure plane only above 95% of the peak stress. The current study was done by acquiring the data at regular intervals. Thus the authors feel that more data should be acquired near the peak stress. Further, the position of the sensors attached to the rock should be accurately noted for plotting the tomograms.
In the end, it can be observed that the actual mechanism leading to the failure of the rocks still needs clarification. Stress redistribution leading to failure can only be determined near the peak load. The current study tried to conduct studies on numerous rock types. The failure mode is different in different rock types. Thus the authors feel that in order to understand the mechanism correctly, tests should be conducted initially only on one type of rock. The failure pattern will be consistent in it and this should help in investigating more into the behaviour of the rock. After success of this study, it should be extended to other rock types.
Success in the laboratory scale can be extended to the field studies. Tomograms coupled with numerical modelling will assist in the prediction of the stress condition ahead of the face or in mine pillars that will prevent catastrophic failure from stress increase leading to loss of property and life. Some of the other technologies that will benefit from this study are real time tomography and acoustic emission monitoring coupled with acoustic emission tomography.
